and 1E).
Introduction granule neurons and found that these neurons degenerated following transient forebrain ischemia. Our results Transient forebrain ischemia induces a selective pattern of neuronal loss in the central nervous system (CNS).
demonstrate that Ca 2ϩ and/or Zn 2ϩ entry through Ca 2ϩ -permeable AMPA receptor channels determines neuAs a result, certain identifiable subsets of neurons, including CA1 pyramidal neurons in the hippocampus, cortironal sensitivity to ischemic insult. cal projection neurons in layer 3, and spiny neurons in the dorsolateral striatum, are severely damaged, whereas Results others remain intact (Pulsinelli et Electrophysiological measurements were used to deblocked by 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX). These data are consistent with previous reports that termine whether functional GluR2(R)-GFP subunits were delivered to CA1 pyramidal synapses. AMPA receptor AMPA receptor channels in CA1 pyramidal neurons containing GluR2(R) display a linear I-V relation of EPSCs AMPA channels containing the GluR2(R) subunit show a linear I-V relation, whereas the receptors lacking GluR2(R) Figures 1F and 1G) . The inwardly rectifying I-V relation that was found in these 12hI neurons was reversed when collateral fibers in the presence of 100 M 2-amino-5-phosphono-valeric acid (AP-5) and 10 M bicuculline. the animals were infected with the pSFV-GluR2(R)-GFP vector, and the rectification index for EPSCs AMPA ranged In CA1 pyramidal neurons from sham rats, inward and outward EPSCs AMPA were detected at Ϫ60 mV and ϩ40 from 0.96 to 1.58 with an average of 1.07 Ϯ 0.21 (n ϭ 12; p Ͻ 0.01 as compared with 12hI animals infected with mV, respectively ( Figure 1F) , and both currents were control [pSFV-GluR1-GFP] vectors; Figures 1F and 1G) . As the pSFV-GluR2(R)-GFP vector, the reversal potential of EPSCs AMPA shifted from Ϫ1.4 Ϯ 0.5 mV to Ϫ42.1 Ϯ controls for the vectors, pSFV constructs lacking GluR2(R) (pSFV-GFP) or expressing GluR1 (pSFV-GluR1-GFP) were 11.1 mV upon switching from a high-Na ϩ to high-Ca 2ϩ solution. The P Ca /P Na value was calculated as 0.089 Ϯ infused in the hippocampus. Neither control changed the rectification of the EPSCs AMPA ( Figures 1F and 1G) . 0.014 (n ϭ 10; p Ͼ 0.1 as compared with sham; Figures  2A and 2B ). In total, these data show that AMPA recepThese data suggest that exogenous GluR2(R)-GFP but not GluR1-GFP can be delivered to CA1 pyramidal syntors in CA1 pyramidal neurons from 12hI rats exhibit a rectifying I-V relation that is associated with high Ca 2ϩ apses in rats that had been subjected to transient global ischemia. permeability and that expression of GluR2(R)-GFP blocks Ca 2ϩ and/or Zn 2ϩ entry through these AMPA reTo investigate possible functional consequences of GluR2(R)-GFP incorporation into AMPA receptor chanceptor channels. nels in CA1 pyramidal neurons, we estimated the Ca ; n ϭ 8; Figure 2D ). This severe neuronal injury was observed only in 6dI animals in12hI animals. In 12hI rats that had been infected with Figure 5E ). Importantly, this enhanced GluR2 CREB activation protects vulnerable neurons in the rat hippocampus from forebrain ischemia. gene expression was abolished by application of 1 l actinomycin D (5 g in 1 l 0.9% NaCl applied 2 hr before forskolin; Figure 5E ).
Inhibition of Ca 2؉ Permeability of AMPA Receptor Subsequently, we analyzed the biophysical properties Channels Prevents Cdk5 Activation of AMPA receptor channels. In sham control rats, rectifiOur previous studies showed that ischemic insults actication index in CA1 pyramidal neurons was unchanged vate cyclin-dependent kinase 5 (Cdk5), which is respon- (Figure 5F ), even though GluR2 mRNA and its protein sible for selective degeneration of CA1 neurons (Wang levels were increased following expression of VP16-et al., 2003). Given that the AMPA receptor antagonist CREB (Figures 5D and 5E ; n ϭ 7; Figure 6B ), demable CA1 pyramidal neurons. The mean amplitudes of onstrating that VP16-CREB expression rescues CA1 pyEPSCs NMDA at a holding potential of Ϫ50 mV in 12hI rats ramidal neurons in rats after forebrain ischemic insult.
that were infected with pSFV-GluR1-GFP and pSFV-VP16-CREB may activate other target genes of CREB GluR2(R)-GFP vectors were 48 Ϯ 0.37 pA and 26 Ϯ 0.23 in addition to the GluR2 gene. This possibility was invespA, respectively (n ϭ 5; p Ͻ 0.01; Figure 7C ). These tigated by coexpressing VP16-CREB and GluR2(Q) usresults indicate that inhibition of Ca 2ϩ permeability of ing pSFV-VP16-CREB-GluR2(Q) (Figure 6C ). For this AMPA receptor channels by expressing GluR2(R)-GFP study, pSFV-VP16-CREB-GluR2(R) served as a control.
abolished ischemia-induced potentiation of NMDA re-CA1 pyramidal neurons from 12hI rats infected with ceptors in CA1 pyramidal neurons. pSFV-VP16-CREB-GluR2(Q) exhibited inwardly rectifying EPSCs AMPA ( Figure 6D ) and a P Ca /P Na ratio of 1.62 Ϯ 0.18 (n ϭ 8) as compared with 0.098 Ϯ 0.012 (n ϭ 8) in Discussion animals infected with pSFV-VP16-CREB-GluR2(R) (Figure 6E) . This finding suggests that coexpression of -permeable AMPA receptor channels alone is not toxic to the hippocampus. However, an earlier study reported that antisense knockdown of GluR2 expression induced pyramidal cell loss in the CA1 and CA3 areas of the gerbil hippocampus (Oguro et al., 1999) . This report, however, does not illustrate changes of Ca 2ϩ permeability in vulnerable neurons following antisense injection. A possible explanation for the discrepancy between the study using GluR2 antisense injection and those involving GluR2(Q) gene expression is that neuronal vulnerability in rats may not be identical to that in gerbils. In support of this idea are the data that a single injection of GluR2 antisense in rats does not damage CA1 pyramidal neurons (Tanaka et al., 2002) -permeable GluR2(Q) channels in the hippocampus induces postischemic degeneration of granule cells in the dentate gyrus and pyramidal neurons in the CA3 area that otherwise survive in the presence of ischemic insult. An earlier work showed, however, that the dentate granule 
